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Carbon Dioxide (CO2) emission from hydrocarbon fuel combustion is
becoming a serious concern because it is the main contributor to greenhouse gas
which causes global warming. Activated carbon sorbents have been used widely in
various gas-phase and/or liquid-phase separation. Currently activated carbon (AC) is
being investigated and developed for CO2 capture. Chicken waste, which is produced
in large quantity in U.S., is currently disposed as waste. However, it may have a large
benefit to turn chicken waste into useful activated carbon. In this research, a series of
activated carbon have been generated from chicken waste and coal in the lab scale
reactor. The characteristics of these generated activated carbons, such as specific
surface, thermal stability, structure properties were investigated and discussed. The
CO2 adsorption capabilities of these activated cartons were also studied in pure CO2
system and CO2/H2O system. One of these activated carbons was modified using the
acid treatment, which improved the CO2 adsorption capacity by around 4 times.

IX

I.
A.

INTRODUCTION

Current CO? Emission Status
The conception of greenhouse effect was first mentioned by the Swedish

chemist Avante Arrhenius in 1897, however it did not catch much attention until
1980s. According to the study of some scientists, the earth's average near-surface
atmospheric temperature rose 0.6+/-0.2°C in the 20th century,1 and the majority of the
warming observed over the last 50 years is because of human activities. The increased
amount of carbon dioxide in the atmosphere is the main source of the human-induced
component of warming. Approximately 80% of atmospheric C0 2 increases come
from man's use of fossil fuels, including oil, coal and gas. The consumption of fossil
fuels has increased dramatically in recent years.

It is said that "mankind is in the

process of conducting a major, unintentional experiment, that of feeding back into the
atmosphere in a short space of geological time the fossils fuels that have slowly
accumulated over the past 500 million years."
Fossil fuels have been the main energy supplier in the U.S. for over a
century. However, the current U.S. fossil energy scenario is undergoing significant
transformations, especially to accumulate stringently increasing environmental
challenges. Around one-third of the consumption of fossil fuel is because of the
electricity generation from combustion. As a result, it is becoming an essential task to
capture the CO2 given off from electricity generation plants. Currently, people try to

1

2

reduce the emission of CO2 in the following aspects, including, 1) increasing the
efficiency of energy conversion; 2) using low-carbon or carbon-free energy sources;
and 3) capturing and sequestering CO2 emissions. Though all of these methods could
help on this issue, only the third one could solve this problem fundamentally.
B.

Main Conventional Methods of CO? Capture
To reduce excessive CO2 emissions, there is great interest in capturing CO2

and utilizing it as a flooding agent for enhanced oil recovery. Currently, the most
likely options for CO2 separation and capture include: (1) chemical and physical
absorption,3'4'5 (2) physical and chemical adsorption,6'7 (3)
O

low-temperature

Q

distillation, (4) gas separation membranes.
B-l.

Chemical Absorption
There are several conceptions for the capture of carbon dioxide which rely

on the mechanism of a sorption-desorption cycle. These include commercial
processes using chemical sorbents, such as amines,10 physical sorbents, and
high-temperature chemical looping cycles for CO2 and O2.11 Generally, there are two
main sections in an industrial operation of chemical absorption, including adsorption
and regeneration. In the first section, the industrial waste gas containing CO2 is
introduced in the reactor and the sorbent captures the CO2, while at the same time,
allowing the other gases to pass through. In the second section, the fully loaded
sorbent is refreshed in some way and could be used again. The sorbent could be an
organic compound, like MEA;10 inorganic compound, like CaC0 3 and K2O12'13 as
well as metal, like Co, and Ni14.
Aqueous solutions containing water-soluble amines are commonly used in
gas-treating processes for removal of carbon dioxide.15 Although many organic
solvents are suitable for CO2 recovery, their utility is limited by the following criteria:

3

(1) the solvent system must have an equilibrium capacity for acidic gases several
times higher than that of water, coupled with a low capacity for the primary
constituents of gas streams, e.g., hydrocarbons and hydrogen; (2) they must have low
viscosity and have extremely low vapor pressures to permit operation without
excessive vaporization losses; (3) their regeneration process (i.e., gas recovery) must
be easy and complete; (4) they must be noncorrosive to common metals; (5) they must
have specific reactivity with acidic components in the gas stream.15 Two
alkanolamines, monoethanolamine (MEA) and diethanolamine (DEA), have been
used

for

many

decades.

In

recent

years

the

more

energy-efficient

methyldiethanolamine (MDEA)-based formulated solvents have been used as an
alternative to MEA or DEA in certain gas-treating applications.16

Blending of

amines is considered to be attractive because in this way the high capacity of tertiary
amines can be combined with the high absorption rate of primary and/or secondary
amines.17 Though these systems are effective, they suffer from numerous drawbacks
such as corrosion, high energy consumption, and so on. In addition, the cost of CO2
capture using conventional solvents is prohibitively high. Nearly half of the total cost
is due to operational costs, of which about 70 to 80% can be attributed to the cost of
regeneration of the solvent.
B-2.

Membrane Separation
Membrane separation is a continuous, steady state process, making it

particularly useful for separation of high throughput gas stream. The membrane
process for carbon dioxide separation is driven by the partial pressure gradient of
carbon dioxide.18

The driven force for

separating carbon dioxide from flue gas

may come from feeding flue gas at a high pressure to the feed side or evacuating the
permeate side of the membrane module.
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A combination of both can also be used to provide the driving force for the
membrane separation process. However, the membrane process is generally more
energy efficient and easier to operate than the adsorption process. In addition it is
more difficult to prepare a good quality, highly C0 2 permeable and selective
membrane than a similar sorbent. Many microporous inorganic membranes developed
recently show good perm-selectivity for carbon dioxide over nitrogen at low
temperatures, such as simicalite membrane.19
A series of materials have been introduced into the membrane separation
study, including, zeolite membrane, polymeric membrane, ceramic membrane, and a
combination of them20.

One of them having a high potential for industrial
91

application is hollow fiber membrane.

It is an asymmetric and/or composite

membrane, containing a microporous substrate being coated with a thin skin layer on
it. The substrate has a function of mechanical supporting of the thin layer which is the
functional layer for gas separation. The fact that hollow fiber membranes are preferred
in the industrial application relies on the designs of membrane modules, which could
provide the high packing density of membrane and self-supporting characteristics.
These are especially useful for treating a large volume of gas streams. A few hollow
fiber membranes have been studied that involved the separation of CO2 from a gas
stream. Feng and Ivory22 investigated the separation of CO2 from N2 with integral
asymmetric cellulose acetate-based hollow fiber membranes, and discussed the
possibility of its use in nitrogen generation from combustion exhaust gas. A full-scale
module comprised of several hundred thousand hollow fibers was also tested using
simulated flue gas. Sada et al evaluated the CO2 separation capacity of asymmetric
cellulose triacetate hollow fiber membranes and found that it is effective to separate
CO2 from air and had an ideal separation factor of 21-24 for CO2/N2 at 30 °C. The

5

separation of ternary gas mixtures (CO2, O2, and N2) by polysulfone hollow fiber
membranes was studied with single and multiple membrane modules.
B-3 Cryogenic Separation
Cryogenic fractionation depends on the melting point differences of the
gases. In cryogenic separation, the gas stream is compressed and cooled down to a
temperature low enough to allow separation by distillation. The resulting liquid CO2
may then be removed for disposal. The advantage of this technique is that the liquid
CO2 could be produced directly, which is beneficial for economic transport, such as
transport by ship and pipeline.24

Cryogenic separation is widely used in the gas

treatment process to separate CO2 from high pressure gases, especially the one with a
high CO2 concentration, such as oxygen fuel combustion. However, this preference of
high CO2 concentration of feeding stream has also limited their application and this
kind of separation also requires high energy for refrigeration, and some components
such as water have to be removed before the gas stream is cooled, to avoid blockages.
B-4

Adsorption
As a solid is exposed to gas, the molecules on a solid surface attract some

gas molecules around it to satisfy the unsaturated bond. As a result, the gas molecules
are adsorbed on the solid surface. There are several factors influencing the adsorption
performance, including operation temperature, partial pressures, surface forces and
adsorbent pore size. The commonly used solid adsorbents include activated carbon
and molecular sieves because of their highly developed porosity and extended
interparticulate surface area. There are two different ways to achieve this adsorption,
including pressure swing adsorption (PSA) and temperature swing adsorption (TSA).
In pressure swing adsorption, the adsorbent is regenerated by reducing the pressure,
which is greatly influenced by the parameters, such as tail gas pressure, number of

6

pressure equalization steps, and so on.25 In temperature swing adsorption, the
adsorbent is regenerated by raising its temperature. Both PSA and TSA are
commercially available technologies and are used in removal of CO2 from natural gas.
However, the energy costs for this technique is still very high. Therefore, it
is important to develop new adsorbents to reduce the energy for CO2 separation,
because the energy costs for CO2 separation greatly depend on the performance of the
adsorbents.
C.

Activated Carbon as a Sorbent for CO? Capture
In a general sense, the conception of activated carbon (AC) covers a series

of materials which are processed carbon-based materials containing a "highly
developed porosity and an extended interparticulate surface area."

ACs are widely

used in the industry as excellent and versatile adsorbents. For example, they could be
used to purify industrial waste water and/or produce drinking water by removing the
color, odor, and taste, and other undesirable organic and inorganic pollutants. Also, it
could be used in air purification in inhabited spaces, such as in restaurants, food
processing, and chemical industries, for the purification of many chemicals, foods,
and pharmaceutical products; in respirators for work under hostile environments; and
in a variety of gas-phase applications.
Activated carbons have a microcrystalline structure, and the carbon is the
major constituent which takes an extent of 85 to 95%.26 Also, there are some other
elements contained, including hydrogen, nitrogen, sulfur, oxygen and so on. The
content of these elements in a particular activated carbon can vary, however,
depending on the type of source raw material and the conditions of the activation
process. X-ray diffraction studies have shown that these heteroatoms or molecular
species are bonded to the edges and corners of the aromatic sheets or to carbon atoms

7

at defect positions and give rise to carbon-oxygen, carbon-hydrogen, carbon-nitrogen,
carbon-surface complexes.
ACs in general have a strongly developed internal surface and are usually
characterized by a polydisperse porous structure consisting of pores of different
shapes, such as ink-bottle shaped, regular slit shaped, V-shaped, capillaries open at
both ends, or with one end closed, and many more. It is now well accepted that
activated carbons contain pores from less than a nanometer to several thousand
nanometers. The classification of these suggested by Dubinin and accepted by the
International Union of Pure and Applied Chemistry (IUPAC)27 is based on their width,
which represents the distance between the walls of a slit-shaped pore or the radius of a
cylindrical pore. The pores in activated carbons are divided into three groups: the
micropores with diameters less than 2nm, mesopores with diameters between 2 and
50 nm, and macropores with diameters greater than 50 nm. The micropores constitute
a large surface area (about 95% of the total surface are of the activated carbon) which
determine to a considerable extent the adsorption capacity of a given activated carbon,
provided that the molecular dimensions of the adsorbate are not too large to enter the
micropores. The mesopores contribute to about 5% of the total surface area of the
carbon and are filled at a higher relative pressure with the occurrence of capillary
condensation. The macropores are not of considerable importance to the process of
adsorption in activated carbons, as their contribution to surface area does not exceed
0.5m /g. Because all the pores have walls, they will comprise two types of surfaces:
the internal or microporous surface and the external surface. The former represents the
walls of the pores and has a high surface area that may be several thousands in many
activated carbons, and the latter constitutes the walls of the meso- and macropores as

8

well as the edges of the outward facing aromatic sheets and is comparatively much
smaller and may vary between 10 and 200 m2/g for many of the activated carbons.
Basically, there are two ways to prepare activated carbons, which are
physical preparation and chemical preparation. In a physical preparation, the raw
material is carbonized in a temperature range of 600-900°C under the inert
atmosphere, and then activated in an oxidizing atmosphere, like carbon dioxide and
water stream, at a higher temperature. In the chemical preparation, on the other hand,
the carbonization and activation are believed to occur at the same time, the raw
material is oxidized by the chemicals impregnated in it in advance, which is also
performed in a relatively high temperature, around 450-900 °C.
Recently, increasing attention has been focused on using activated carbons
to capture CO2 because of its highly developed surface area and pore volume, and
activated carbons are regarded as suitable candidates for CO2 capture. Molecular sieve
13X and commercial activated carbon were used as sorbents for CO2 adsorption by
Ranjani V. Siriwardane.28

They found that these sorbents showed preferential

adsorption of C0 2 at 25°C and pressures up to 300psi.

At 300 psi, the activated

carbon utilized the full capacity of the surface to form a close packed monolayer at
the surface.

L.R Ding29 studied the kinetics of adsorption on activated carbon, and

built a comprehensive model for the single component adsorption equilibrium and
kinetics on heterogeneous-activated, and this theory could be applied to the CO2 and
SO2 system adsorption successfully. Activated carbons with high surface area were
also prepared using the anthracites by M. Mercedes Maroto-Valer30 and their CO2
adsorption capacities were investigated. The factors affecting the characters of
activated carbon were discussed. It was found that an increase in activation time
results in a continuous steady rise of the mesopore area and volume, while the
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micropore and total pore area and volume reach a maximum at 3 h. The surface areas
go through a maximum with increasing solid yields. Also, the effect of adsorption
temperature was investigated, which is that adsorption capacity of the activated
anthracities decrease rapidly with increasing adsorption temperature which may be
due to the adsorption being a physisorption process. The activated carbons were also
modified

by

some

people

for

a

better

CO2

adsorption

performance.

Monoethanolamine (MEA), diethanolamine (DEA), 2-amino— 2methyl-1-propanl
(AMP) and methyldiethanolamine (MDEA)31 were used as solvents to introduce the
functional group of base on the activated carbon, which was demonstrated to have a
higher capacity to capture CO2. Polyetherimine (PEI) can significantly increase the
32

CO2 adsorption of molecular sieve materials MCM-41.
However, the current commercial activated carbons are veiy expensive,
which hinders the economic viability of its wide application. ACs are usually obtained
from coal, pitch and other fossil derived compounds. Since fossil sources are limited,
important efforts have been made in order to find alternative sources. Cocoanut33 is, at
the present, the main source for AC, exhibiting improved CO2 adsorption with respect
to coal and pitch AC's. Nevertheless, it is more expensive than that obtained from coal.
Several products have been found to be valid for AC production, including lignin,
wood and other lignocellulosic materials. Air activation at 300-400°C, ZnClo
activation and activation by superheated steam are used for AC preparation from
lignocellulosic materials. The formation of micro-pore with high surface area can be
influenced by many factors such as carbonization temperature, heating rate, activating
time and chemical concentrations. Microporous AC was prepared from agricultural
and wood residues by pyrolysis in a nitrogen-fluidized sand-bed pyrolysis reactor at
500°C followed by physical activation with CO2 as the activation agent. Other
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methods involve steam at 850°C or microwave radiation with ZnC^. Several methods
have been used to obtain AC from coal or pitch. Nevertheless, our main concern at
this moment is the litter from chickens. As we know, chicken litter is produced by
farmers in a large amount every year which is disposed directly without reuse. The
introduction of such litter has polluted surface and ground waters by introducing
nitrate, phosphorus and so on. However, chicken litter is mostly composed of wood,
which can be converted into activated carbon by proper methods.
As a result, to convert chicken waste to activated carbon can not only
prepare a lower-cost activated carbon to capture CO2, but also help decrease the
pollution brought by chicken litter.
D.

Physical Adsorption and Chemical Adsorption
Adsorption could be classified into two types according to the nature of the

forces involved: physical adsorption and chemisorption. The key point in
distinguishing chemisorption and physical adsorption is whether the reaction between
the adsorbent and adsorbate is physical adsorption or chemical adsorption.34 In the
case of physical adsorption, the force between adsorbate and adsorbent is van der
walls forces, which are so weak and similar to the molecular forces of cohesion.
Chemisorption, on the other hand, involves exchange or sharing of electrons between
the adsorbate molecules and the surface of the adsorbent which could be seen as a
chemical reaction. The bond formed between the adsorbate and the adsorbent is
essentially a chemical bond and is thus much stronger than in the physisorption.
E.

Adsorption in H7O/CO? System
Generally, the gas steam given off from industries contains more than one

component. In this way, the study of adsorption of carbon dioxide could not be limited
to the system of pure CO2 gas. Quite different from independent pure component
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adsorption, multi-component adsorption equilibrium is more complicated and has
attracted a lot of research interest. Water vapor is usually present in ambient air and in
the waste gas from power plants.

Also, it's very easy to be adsorbed on the sorbent.

Thus, the study of water vapor adsorption, and the competitive adsorption of water
vapor and other pollutant gas, like C0 2 is very important.
In the case of pure water vapor systems, water vapor adsorption equilibria
has been measured on different kinds of activated carbons. Currently, there are two
main theories explaining the mechanism of water vapor adsorption in carbon
materials. One is capillary condensation mechanism, talking about the water; the other
depends on the Dubinin-Serpinsky mechanisms, which regards the water being
adsorbed as clusters around primary adsorption centers.35
The first mechanism assumes that the adsorption hysteresis is an essential
factor contributing to the water adsorption process. The second mechanism tells the
strong influence of surface oxygen complexes on the water adsorption isotherm,
which is supported by a lot of studies of micoporous ACs.
In a typical water vapor adsorption process on activated carbon, the
oxygen complexes on the adsorbent surface are regarded to be the primaiy sites which
adsorb water molecules by hydrogen bonds and the dispersion interactions between
water molecules and the adsorbent surface are negligibly weak. The adsorbed water
molecules also have a function as secondary sites on which more water vapor
molecules are adsorbed through hydrogen bonds. When more and more water
molecules are adsorbed, clusters are formed as a result. It is believed that water
adsorption hysteresis occurs from the porous structure of the adsorbent and this could
be a reason for the coalescence of "water clusters on the adsorption branch and
evaporation of capillary condensed water on the desorption branch."36
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In the case of pure water vapor systems, water vapor adsorption equilibria
have been measured on different kinds of activated carbon. Unlike organic adsorption
on a microporous carbonaceous adsorbent, for which the isotherm shows type I
behavior according to Brunauer's classification,36 water adsorption isotherms show
Type IV behavior on carbons with a highly oxidized surface, or Type V behavior
(s-shape) on carbons with a strongly hydrophobic surface. Generally , water
adsorption exhibits hysteresis on porous media.
According to Brunauer's classification, there are five typical isotherm
adsorption curves, which are shown in Figure 1.37

The precise isotherm shape is a

function of the pore size because the steep part of the adsorption isotherm and the
"knee" shift to lower relative pressures as the micropore size decreases. The
adsorption of activated carbons at lower relative humidity is related to the micropores,
while at high relative pressures, they behave in accord with their different meso- and
macropore size distributions. The Type I trend represents the adsorption on an
activated carbon with fine micropores and narrow pore size distribution. The other
four types relate to the activated carbon with a wider pore size distribution in micro,
meso and icro sizes. There is also another isotherm curve which is rarely happened,
and called as Type VI.
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The Type I isotherms are characterized by a plateau which is nearly or
quite horizontal, and which may cut the p/p°=l axis sharply or may show a "tail" as
saturation pressure is approached.36

This kind of isotherm is almost derived from an

adsorption on microporous solids. Type II isotherms refer to the multiplayer physical
adsorption of gases on non-porous solids. The Type II curves always show a rather
long linear portion. The point at which this linear portion begins is supposed to be the
point at which the monolayer is completed and the multilayer adsorption started.
"Both Type III and Type V isotherms are characterized by convexity towards the
relative pressure axis."36 In Type III, the trend of convexity keeps going to the high
relative pressure, while in Type V, there is a point of inflection at fairly high relative
pressure. The adsorption on nonporous or highly macroporous adsorbents usually
leads to Type III isotherms. The Type V isotherms are always obtained on mesoporous
or microporous adsorbents for the adsorption of both polar and non polar adsorbates,
provided that the adsorbent-adsorbate interactions are weak. The adsorption on
mesoporous solids is related closely to Type IV isotherms. Type IV isotherms looks
similar to Type II isotherms, but at a certain point it begins to deviate upwards until a
higher pressure on its slope decreases. As the saturation vapour pressure is
approached, the amount adsorbed may show little variation, or alternatively it may
show a final upward turn. Type VI isotherms rarely occurred in the normal adsorption
37

which are step-like isotherms shown by nitrogen adsorbed on special carbon.
In a general case of gas adsorption, the type of isotherms could give an
idea about the structure of solid.

However, as for the water adsorption, the presence

of microporosity in carbon does not lead to a Type I isotherm. In practice, the water
isotherm remains convex to the pressure axis in the initial region, and acquires the
form of Type V. It is supposed that this phenomena is due to the fact that the water
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adsorption is not a simple physical adsorption, and the water molecules could form
chemi-bonds with the solids. Also, the overall process occurring is one of volume
filling rather than surface coverage.
Although water has been known to have strong effects on gases adsorption
on activated carbon, multi-component equilibrium data of mixtures of CO2 with water
are rare in the literature, especially on the adsorbents commonly used, such as
activated carbon. Thus the study of activated carbon adsorption capability in a
CCVwater system is becoming very important.

II.
A.

MATERIALS AND EXPERIMENTAL

Materials
Chicken Waste was obtained from a local provider, and the bituminous

coal was obtained from a copper power plant. Fluck commercial activated carbon was
bought from the company of Fluka Chemie AG. The gas atmospheres used were
nitrogen and carbon dioxide which were provided by the local gas service company.
B.

Apparatus
The instruments used in this study are listed in Table 1 with their functions

together.
Table 1. Instruments and Their Functions
Instruments
TA 2950 Thermogravimetric Analyzer

Functions
Thermal Stability analysis

ASAP 2020 surface area and porosity
Surface area and pore size analysis
analyzer
Composition and crystalline structure
ARL Thermo X-Ray Diffraction meter
analysis
JEOL JSM 5400-LV Scanning Electron
Surface structure and element
Microscopy (SEM) combined with
analysis
Energy-Dispersive X-ray analysis(EDX)
TA 2960 simultaneous DSC-TGA

CO2 adsorption analysis

TAQ5000 Sorption Analyzer

H2O/CO2 adsorption analysis

Pfeiffer Thermostar Mass Spectrometry

Evolved gas analysis
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C.

Experimental

C-l.

Carbonization and Activation
A series of activated carbons were synthesized in the two steps of

carbonization and activation. Firstly, the raw materials were carbonized at 550°C for 60
minutes in a quartz tube with an internal diameter of 30mm, which was put within a
tube furnace. The atmosphere used in this step is nitrogen with a flow rate of
60mL/min. After that, the carbonized materials were activated by a flow of steam
passing through the same reactor at around 600°C, and the flow rate of No was
50mL/min.
The evolved gases given off in the carbonization process were identified
using TG-MS. A TA 2950 TGA interfaced to a Pfeiffer Thermostar Mass Spectrometer
by means of a heated capillary transfer line to investigate the gases given off in this
process. The capillary transfer line was heated to 200 °C, and the inlet port on the mass
spectrometer was heated to 150 °C. The Thermostar unit is based on a quadrupole
design and the mass scan ranged from 0-300amu. The evolved gas from the TGA was
ionized at 70eV. The system was operated at a pressure of 1 xlO"5 Torr. The experiment
took place in a nitrogen gas with flow rate of 60ml/min.
C-2.

Modification
The CW activated carbon was modified by a method of digestion. Firstly,

the CW activated carbon was dissolved in a conventional acid solution (the moles ratio
of HC1, HN0 3 , HF and water is 3:1:1:1) and then isothermal at 65 C° for 4 hours.
Finally, the acid treated activated carbon was washed by distilled water till the pH value
is 7.
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C-3.

Thermal Stability Identification
TA 2950 TGA was used for thermal stability analysis. The activated

carbons were heated from room temperature to 800°C at a rate of 10°C/min. The
experiments took place in an air atmosphere with flow rate of 50 mL/min.
C-4.

Characterization of Surface and Porosity Properties
The porosity of the samples was characterized by conducting No

adsorption isotherms at 77 K using an ASAP 2020 surface area and porosity analyzer.
The total pore volume, Vt, was calculated from the amount of vapor adsorbed at a
relative pressure of 0.95, and the total surface area, St, was calculated using a
multi-point BET equation in the relative pressure range 0.05-0.35. The pore sizes 2
nm and 50 nm were taken as the limits between micro- and mesopores and meso- and
macropores, respectively, following the IUPAC nomenclature. In other words, pores
with free diameters less than 2nm are regarded as micropores, between 2nm to 50 are
mesopores, and the ones more than 50nm are macropores36.
C-5.

XRD Identification
XRD measurements of the activated carbons were performed using an ARL

Thermo X-ray diffraction meter. The activated carbons were swept from 20 = 5° to 90°
using default parameters of the program. The X-ray generator was set to 40kV and
45mA.
C-6.

SEM-EDX Measurements
The activated carbons were mounted on aluminum stubs with double-sided

carbon tape and observed using a JEOL JSM 5400-LV scanning electron microscope.
It was observed uncoated in low vacuum mode at a chamber pressure of 110 milli-tonusing a back-scatter electron detector.

Elemental analysis was obtained using a

KEVEX Quantum detector with a new MOXTEK AP3.3 thin filmed window and an
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IXRF energy dispersive spectrometer.
C-7.

Capture of CO? in Pure COz System
TA 2960 simultaneous TGA/DSC was used for C0 2 adsorption tests.

Activated carbons were heated from room temperature to 300°C at a rate of 20°C/min,
and isothermal for 30 minutes, and then ramped to 30 °C at a range of 10°C/min and
isothermal for lOOmin. The experiments took place in CO2 atmosphere with flow rate
of 50 mL/min.
C-8.

Capture COz in CO7/H7O System
The adsorption abilities of ACs for mixture of CO2/H2O were investigated

using a TA Q5000 SA sorption analyzer. The samples were isothermal at 30°C with a
humidity range from 0% to 90% and with a dwell time of 120 minutes or more. The
experiments took place in a CO2 atmosphere with a flow rate of 200mL/min.

III.
A.

RESULTS AND DISCUSSION

Characterization of Activated Carbons
Seven activated carbons were studied here and the description of these

activated carbons is listed in Table 2. The characterization of all of these activated
carbons, including thermal stability, surface area and pore size, surface structure,
crystalline structure and element composition were analyzed and discussed in the
flowing sections.
Table 2. Description of Activated Carbons
Samples

Raw material composition

EKPC

100 wt% coal

E8C2

80 wt% coal and 20 wt% chicken waste

E5C5

50 wt% coal and 50 wt% chicken waste

E2C8

20 wt% coal and 80 wt% chicken waste

CW

100 wt% chicken waste
100 wt% chicken waste-with

CW-deashed
modification
FLUC

Commercial
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A-l.

Thermal Stability
The thermal stabilities of activated carbons were detected using the

combination of TGA and MS systems. TGA provides the weight changes of activated
carbons as a function of temperature. MS identifies the gases given off from the
activated carbons at a specific temperature as being heated. All of the activated carbons
show a very similar trend on the TG curve. Figure 2 shows the typical TG curve of this
test. The green one represents the TG curve and the blue one represents the Derivative
of TG curve. Generally, there are two weight loss stages. One occurs under 100 °C, and
the other is around 500 °C. On the MS plot, there's a m/z=18 peak (green) showed
around 100 °C, which may be due to water vapor evolved, and a m/z=44 peak (red)
showed around the 500 °C, which may be due to the CO2 evolved (see Figure 3 and
Figure 4.) Thus, it could be supposed that the first weight loss of the activated carbon
at 100 °C is possibly because of the loss of moisture, and the second stage around 500
°C may be due to the combustion of carbon in air. Particularly, there's also m/z=48
peak(red) and m/z=64 peak(purple) shown on the MS plot of EKPC activated carbon,
which may be due to the SO2 evolved (see Figure 4.) As a result, it could be assumed
that there is still sulfur contained in the EKPC activated carbon.
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Sample: FLUKA
Size: 5.2316 mg

DSC-TGA

Temperature f C )

File: E:...\Fluka-800-air.001
Operator ann
Run Dale: 22-Od-2005 19:57
Instrument: 2960 SDT V3.0F

umv«mi V42.E ta irsm.m«.is

Figure 2. Typical TG curve of thermal stability test.
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Figure 3. Typical MS plot of thermal stability test.
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Figure 4. MS plot of EKPC.

Figure 5. Overlay of TGA curves of activated carbons.

The TGA profiles of all of the activated carbons are shown in Figure 5. It
can be seen that the thermal stabilities of these ACs are quite different in terms of
onset decomposition temperature (which is the temperature materials start
decomposing), maximum decomposition temperature and the residue weight after
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heating treatment which are shown in Table 3. According to the results, the FLUCK
AC has the most weight loss, and the majority of this loss occurs around 500 °C. It
may be supposed that this majority of weight loss is due to the combustion of carbon
content, thus the FLUCK AC may have the highest carbon content. The ACs made
from chicken waste have much higher residue, which mean that the content of carbon
is relatively low, and the residue is increased with the composition of chicken waste.
There may be a highly stable inorganic composition in these activated carbons. Thus,
the CW activated carbon which has the highest chicken waste composition as raw
material was further modified with acid solution to reduce these assumed inorganic
inactive compositions. Actually the rather low residual of CW-deashed AC may
confirm this assumption.
According to the onset temperatures of the combustion process of the ACs
CW 1000-650-60 AC showed the lowest temperature of combustion, and EKPC
1000-650-60 showed the highest temperature of combustion, and the temperature
increased with the increase of the amount of EKPC char contained in the raw material.
Furthermore, CW AC shows 2 peaks on its DTA curve, and this can provide that there
are two different combustion reactions on the heating process which may indicate two
major different chemical compositions. Other activated carbons having chicken waste
content, except E8C2, also show such a trend.
In the real application of the activated carbons in the power plant, there are
two specific temperatures that are very meaningful, 149 °C and 371 °C. These two
temperatures represent the electrostatic precipitator temperature and selective catalytic
reduction temperature separately. Thus, the thermal stabilities of the activated carbons
on these temperatures are discussed particularly. Table 4 shows the residues of ACs at
149 °C and 371 °C which are the temperature of ESP and SCR respectively. Thus the
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feasibility of the application of these ACs in power plants could be understood.
FLUCK AC, EKPC AC and E8C2 AC show a very good stability even till 371 °C.

The
In

terms of E5C5 AC, E2C8 AC, CW AC, EKPC-deashed AC, they show good
performance at 149 °C, but loss of considerable weight at 371 °C. Therefore, these
ACs are recommended to be used before the ESP temperature range.
Table 3. Thermal Stability of Activated Carbons—(1)
Decomposition temperataure, °C
Sample ID

Maxmum

Residue, %

Onset point
Peak 1

A-2

Peak 2

EKPC

550

669

—

14.9

E8C2

454

502

—

23.1

E5C5

403

403

484

38.2

E2C8

361

398

473

53.2

CW

350

505

624

82.8

CW-deashed

456

542

—

6.18

FLUCK

558

615

—

4.2

Porosity Properties
The surface areas and average pore sizes of the different ACs are listed in

Table 5. FLUCK shows the highest surface area, and with a relatively small average
pore size. The ACs made from chicken waste and char, including CW, E2C8-650-30,
E8C2, and EKPC show similar surface areas and average pore sizes. The EKPC AC
has a higher surface area than others, and CW showed higher average pore size.

Table 4. Thermal Stability of Activated Carbons—(2)
Residue, %
Sample ID
149 °C

371 °C

EKPC

99.5

98.9

E8C2

98.1

98.0

E5C5

97.4

94.0

E2C8

95.7

90.5

CW

97.5

93.8

CW-deashed

86.4

77.8

FLUCK

95.5

94.7

Table 5. Surface Area and Average Pore Size of Activated Carbons
2

Sample ID

Surface area, m /g

Average pore size, nm

EKPC

250

1.68

E8C2

248

1.3

E5C5

182

2.23

E2C8

203

2.27

CW

128

2.78

CW-deashed

437

2.31

FLUCK

913

1.48
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A-3.

XRD Patterns
Figure 6 shows the XRD patterns of these activated carbons. All of these

activated carbons show a peak at 20=15-17 degrees, which may be derived from
aliphatic chains or packings of aromatic side chains or from irregular packing of
aromatic layers.3S The peak of 20 = 20-25 degrees showed on the activated carbons of
FLUCK, EKPC, E8C2, E5C5, E2C8 and CW-deashed. It is a three dimensional peak
which may correspond to reflection of carbon due to the stacking structure of aromatic
layers. Broadening of this peak could indicate the small dimensions of crystallites
perpendicular to aromatic layers. The 20=40-45 degree peak showed on the curve of
FLUCK activated carbon could be interpreted in terms of the regular structure within
the individual layer planes segments. This peak could also be found on the EKPC
activated carbon peak, but show as more shaped and better defined. In addition, there's
also a 20=26.5 degree peak, which is supposed to be derived from quartz.
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Figure 6. XRD patterns of ACs.
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The peak showed at around 25 degrees of EKPC pattern and is very similar
to the peak of FLUCK showed at around 23 degrees, but shifted a little to the high
diffraction angle. This peak may indicate the existence of crystallized carbon. The peak
at around 45 degrees may compare to the other broad peak of FLUCK at a similar
position, but shaped and better defined. The light blue one is the activated carbon
derived from chicken waste, where a lot more peaks showed up, while after
modification, most of these peaks disappear, indicating the removal of some crystal
composition, which is shown on the pink curve.
A-4.

SEM-EDX Result
Figure 7 to Figure 23 show the SEM images of the activated carbons.

Comparing the SEM images of all of these prepared activated carbons, it seems that
there are two major compositions in these ACs, including the dark blocks with a
relatively smooth surface which may be represented by part 1 in EKPC AC, part 2 in
E8C2, part 2 in E5C5 AC, part 1 in E2C8 AC, and the gray blocks with rough surface
which may be represented by part 1 in E8C2, parti in E5C5 AC, part 2 in E2C8 and part
2 in CW (see Figure 7 to Figure 23). According to the EDX result, the black blocks
have a rather high carbon content which is in a range of 45-80 wt%, and oxygen also
takes a secondary major position which is in a range of 16-30 wt%. In comparing, the
carbon content in gray blocks is around 13-28wt%, while the oxygen content is much
higher than the black blocks, which is in a range of 34-40 wt%. In addition, the
activated carbons containing higher black crystal content are the ones with a higher raw
material composition of EKPC coal. For example, the EKPC activated carbons, which
contain 100% of coal material has the highest black crystal content, however, in the CW
activated carbon made totally from chicken waste, the majority of content is gray
crystal.
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The CW-deashed activated carbon shows a distinctive SEM image to other
ACs, which has a more honeycombed structure compared to the one without deashing
treatment. Such an amorphous structure may also be seen in the broadened peaks on
XRD patterns with a position of 20= 16 degree which may help increase the surface area
according to the BET result. However, it may also be assumed to be the reason for
decreased thermal capability of CW AC.

Figure 7. SEM image of EKPC.

Figure 8. SEM image of EKPC—area 1.

Figure 10. SEM image of E ^ .

Figure 12 SEM image of EsC2—Area 2.

Figure 14. SEM image of E5C5—area 1.

Figure 16. SEM image of E2C8.

Figure 18. SEM image of E2Cs—area 2.

Figure 20. SEM image of CW—area 1.

Figure 22. SEM image of CW-deashed—areal.
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Figure 23. SEM image of CW-deashed—area2.

B.

CO? Adsorption Capacities of ACs
In the CO? adsorption test, activated carbons were heated to 300 °C and

isothermal for 30 min under N2 to remove the water condensed on them and then cooled
down to 30 °C. After that, CO? was introduced to the system for adsorption. As the CO2
absorbed on the activated carbon, the total weight of activated carbon is increased.
Thus, their capacities of adsorption could be measured by measuring the weight change
of the activated carbon.
The CO2 adsorption profiles of the activated carbons are presented in
Figure 24. It can be seen from this Figure that there's a weight loss in the first 10
minutes which may due to the loss of moisture, and then the weight becomes constant,
indicating that almost all of the waste is removed. After this section, the temperature
in the system decreased to 30 °C and there's an obvious weight gain which is due to
the absorption of CO2 on the AC, and such a trend turned out to be flat which may be
because of the saturation of the effective site on the AC. The CO2 adsorption

37

capacities re shown in Table 6. The overlay of adsorption curves of these activated
carbons are shown in Figure 25.
Table 6. CO2 Adsorption Capability of Some ACs
Maximum CO2 adsorption
Sample name
ability, (mg/g)
Fluck

97.4

EKPC 100%, 1000F-650-60

54.5

EKPC 80%, CW 20% 1000F-650-60

56.3

EKPC 50%, CW 50%1000F-650-60

52.5

EKPC 20%, CW 80% 1000F-650-60

40.4

CW 100%, 1000F-650-60

19.6

CW 100%, 1000F-650-60, (deashed)

74.9

Sample. AC ADSORPTION
Size- 4.8536 mg

File: C:\TA\Data\SDT\YAN\FLUKA-110-30 001
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Figure 24. Typical C02 adsorption curve of activated carbon.
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Figure 25. Overlay of activated carbons in CO2 adsorption test.

B-l.

Effect of Adsorption Temperature on CQ2 Capture Capacities
CW-deashed

Temperature, C

Figure 26. CO2 adsorption capacities of activated carbon CW-deashed at different the
adsorption temperatures.
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Figure 27. CO2 adsorption capacities of activated carbons at different adsorption
temperatures.

Figure 28. Ratio of CO2 adsorption capacities at 75 °C to 30 °C.
Figure 26 shows the CO2 adsorption capacities of the activated carbon of
CW-deashed measured at different adsorption temperatures (30 °C, 50 °C and 75°C).
It can be seen that the adsorption capacity decreases a lot with increasing adsorption
temperatures. This behavior is typical of a physical adsorption process,30 where both
the surface adsorption energy and molecule diffusion rate increase with increasing
temperature. As a consequence, the adsorbed gas on the surface of the activated
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carbon becomes unstable when heating, resulting in the desorption of adsorbed CO2
molecules from activated carbon. In addition, Figure 27 shows that all of the activated
carbons studied have a similar trend, and the CO2 capture capacity of them at 30 °C is
about two times higher than that at 75 °C.

Figure 28 shows that when temperature

increases from 30°C to 75 °C, most of the activated carbons decrease their CO2
adsorption capacities by half and temperature has the most effect on EKPC AC, the
least on CWAC.
B-2

Effect of Modification on CO? Capture Capacities
The CO2 adsorption capacities of CW and CW-deashed are presented in

Figure 29.

o> 90

30

50

75

Temperature, C

Figure 29. CO2 adsorption capacities of CW and CW-deashed.

It can be seen from Figure 29, that there are significant changes in the CO2
adsorption capacity of the samples before deashing and after deashing. Compared with
the undeashed sample, the deashed sample shows a much higher adsorption capacity,
especially the value under 30 °C which increases from 2.02% to 7.68%. The main
reason for this change is supposed to come from the increase of active sites. Since the
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active sites are developed on the carbon, the high carbon content could be the required
condition of good performance of CO2 adsorption. According to the thermal stability
test result, the modified activated carbon contained much higher carbon content
indicated by the small residue. So, the increased carbon content may contribute to the
increased active sites for adsorption. Furthermore, this may also be related to the
increase of surface area, and introduction of some functional groups. Figure 20 and
Figure 22 show the SEM images of CW activated carbon and CW-ashed activated
carbon. It can be seen that the CW is composed of small crystal particles with a
relatively large range of particle size and numerous micropores are supposed to sit on
them. After deashing treatment, the image of CW got a very noticeable change and it
seems like a kind of amorphous material with a much larger surface area which
increased from 128 to 437. According to the EDX analysis, the content of CI increased
from 1.55 to 9.91. This indicates that the CI ions were not washed by water, and they
may be chemically bonded on the material, and the increased CI could be the other
reason contributing to the enhancement of CO2 adsorption capacity of activated carbon.
The XRD patterns can also tell some difference between these two activated carbons.
Figure 6 shows that some of the peaks appearing on the CW pattern do not show on the
CW-deashed pattern, which may indicate the loss of some inorganic composition.
Furthermore, the peaks with positions of 20=16 degree, 20=28 degree and 20=47degree
become wider and this may indicate that formation of the structure which is beneficial
for CO2 adsorption.
The same modification was also performed on the EKPC activated carbon.
Just as CW AC, the modified EKPC activated carbon shows a better performance than
the original one on each of the temperature ranges, (see Figure 30). However, this
increase, about 25%, is not as much as the CW AC which increased about 4 times in the
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CO2 adsorption capacity. This could be possibly explained by the changes active sites.
According to the TGA result, original EKPC AC has a relatively high carbon content,
thus, the room for increasing the active sites by deashing modification is so limited. As
a result, the CO2 adsorption capacity could not be increased much.

Figure 30. CO2 adsorption capacities of EKPC and EKPC-deashed.

B-3.

Repetition Tests of CO; Capture Capacities
The CO2 adsorption tests were repeated for several cycles under the same

procedure of heating to 300 °C and then isothermal at 30 °C and heating to 300 °C again
(see Figure 31). It can be seen that the adsorption curve for repeated cycles were very
similar. This indicated that the adsorption is fully reversible and complete regeneration
can be obtained by heating activated carbon. This can also demonstrate that the CO2
adsorption on activated carbon is a process of physical adsorption.
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Sample: fluck-10-8-5-3-1-rate
Size: 5. 1041 mg
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Figure 31. CO2 adsorption repeating test of AC.

B-4

Effect of Ash Composition on the CO? Adsoiption
In the physical adsoiption process, the active component is supposed to be

the carbon with numerous micropores developed on it. This kind of component could
not stand heating to a temperature as high as 800°C in the air, and it would combust
oxygen below this temperature. However, according to the thermal stability test result
from TGA, all of the activated carbons show a residue after being heated to 800°C in
air. These residues are supposed to be the non-carbon inorganic composition due to
their property of thermal stability. Theoretically, the inorganic compound (ash) is the
inert component which does not have the capability to capture CO2. In addition, the
weight loss on the first stage is supposed to be the moisture evaporation, thus, this part
is also an inert component. To study the CO2 adsorption capability of the active
component—activated carbon, the adsorption results have to be corrected. Thus it is
assumed that the first weight loss on the TGA curve comes from the water evaporation,
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and the residue comes from the ash, both of which do not adsorb CO2, and the second
weight loss on the TGA curve comes from the combustion of activated carbon.
According to this assumption, the adsorption result could be revised by removing the
effect of ash by the following equation:
Corrected Data = Measured Data/ (1-ash content-moisture evolved),

(1)

Ash content=residue-weight loss on second stage
For example,
Corrected data of CW=19.9mg/g/(l-76.2%-3.9%)
=98.3 mg/g
In this way, the corrected data of all of the activated carbons are calculated
and listed on Table 7.
Table 7 Corrected CO2 adsorption capabilities of activated carbons

CW
E2C8
E5C5
E8C2
EKPC
CW-deashed
EKPC-deashed

First
stage
weight
loss, %
3.9
4.0
2.5
1.8
1.1
8.7
3.7

Residue,
%
76.2
52.9
38.2
23.1
14.9
6.2
5.4

Second
stage
weight
loss, %
19.9
43.1
59.4
75.1
85.1
85.2
90.9

C0 2
adsroption,
mg/g
19.6
40.4
52.5
56.3
54.5
75.0
69.8

C0 2
adsorption—corrected,
mg/g
98.3
93.7
88.4
75.9
64.6
88.1
76.7

After correction, the CO2 adsorption values of all of these activated carbons
increased a lot which are comparable to the commercial one. Thus, it could be
concluded that the carbon component in the material of samples have been well
developed and they are effective to capture CO2.
According to the corrected data, the CO2 adsorption ability of CW AC
should be much higher by reducing the effect of the inorganic component. To confirm
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this assumption, a real test rather than a single mathematics calculation was performed.
This activated carbon was modified using conventional acid, and the inorganic
component was removed without removing the component of active component. In this
way, the major component of the modified material should be carbon with microporous
pores on it. In addition, the corrected value of CO2 adsorption capability of the
modified CW AC should be very similar to the one corrected from the original CW AC.
The values on Table A show the similarity. The corrected value of modified CW AC is
88.1mg/g, while the one of original CW AC is 98.3. These two values have only a 10%
difference. This similarity of corrected value from original activated carbon and the
measured value from the modified activated carbon also happened to the EKPC AC and
EKPC-deashed AC, which may indicate an assumption that the ash did not capture the
CO2 is reasonable.

C.

CO? Adsorption in CO?/H?Q System
In this experiment, binary-component competitive adsorption of C0 2 /H 2 0

on activated carbon was conducted, and the C0 2 adsorption in CO2/H2O system was
compared with the one in a pure CO2 atmosphere.
C-1.

Water Vapor Adsorptions in N? and CO? System
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Figure 33. Water vapor adsorption curves of E5C5, E2Cg, CW and CW-deashed under
N2.
Before the CO2 adsorption test, the water vapor isotherm adsorption test
was conducted on each of the activated carbons. In the isotherm adsorption test, the
temperature was set at 30 °C and the relative humidity of the atmosphere increased
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gradually from 0% to 90%.

Figure 32 shows the overlay of the adsorption curves of

EKPC and EgC2 activated carbons. According to the five typical curves of water vapor
adsorption, these two curves show a Type V trend, which may indicate that the
majority of pores on these two ACs are micropores, though they also have the mesoand macropores developed on them.36 Figure 33 shows water adsorption isotherms
on E5C5, E2C8, CW and CW-deashed ACs.

The activated carbons of E5C5, E2CS, CW

show a Type III trend, which may indicate a higher composition of the meso- and
macropores on these activated carbons.27,36

The CW-deashed AC also showed a

Type III curve, however, the increasing trend at the high relative humidity is smaller
than the others. This weak increasing trend may show less meso- and macropores on
this activated carbon than the others.

In addition, it could be seen that the desorption

curves of E2C8, CW and CW-deashed ACs do not match well with the adsorption
curve especially under higher relative humidity, which means it's not a complete
physical single layer adsorption process. It is possible that multiple layer adsorption
occurs on the activated carbon, and beside the interaction between the carbon surface
and the water molecules. The water molecules react with each other, and the already
adsorbed molecules tend to enhance the adsorption of other molecules.
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Figure 34. Adsorption-desorption curve of EKPC under N2/H2O and CO2/H2O system.

Figure 35. Adsorption-desorption curve of E8C2 under N2/H2O and CO2/H2O system.
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Figure 36. Adsorption-desorption curve of E5C5 under N 2 /H 2 0 and C0 2 /H 2 0 system.

Figure 37. Adsorption-desorption curve of E2C8 under N 2 /H 2 0 and C0 2 /H 2 0 system.
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Figure 38. Adsorption-desorption curve of CW under N2/H2O and CO2/H2O system.

Figure 39. Adsorption-desorption curve of CW-deashed under N 2 /H 2 0 and C0 2 /H 2 0
system.
C-2.

Effect of Water Vapor on CO? Adsorption Capacity of Activated
Carbon—Qualitatively
The water vapor adsorption tests were performed in N2 atmosphere and
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CO2 atmosphere separately. In these tests, the gas atmosphere was introduced to
activated carbon first, and then the water vapor was introduced. It is assumed that the
N2 is inert gas. Thus, N2 has no interaction with water and the water vapor could be
adsorbed on the activated carbon surface freely, without interference from the gas
atmosphere. In this way, the water vapor adsorption curve in N2 could be a reference,
which may provide the trend of non-interaction adsorption. In addition, by comparing
the curves of water vapor adsorption in N2 atmosphere and C0 2 atmosphere, we could
have a qualitative idea about whether, and/or how the CO2 has an effect on water
vapor adsorption.
Figures 34-39 show the overlay adsorption- desorption curves of all of the
ACs under H2O/N2 system and H2O/CO2 system. Comparing the curves under N2
atmosphere and CO2 atmosphere of each activated carbon, the trend of these curves is
very similar. This may indicate that the CO2 atmosphere does not change the
mechanism of water vapor adsorption significantly, and the CO2 molecule and H2O
molecule do not have a noticeable effect on each other in the adsorption-desorption
process. Consequently, it could be assumed that there are no interactions between CO2
and H2O in the adsorption and desorption process, and the water vapor does not effect
the CO2 adsorption process chemically.
C-3.

Effect of Water Vapor on CO? Adsorption Capacity of Activated
Carbon—Quantitatively
With the assumption that there's no interaction between CO2 and the water

vapor in the adsorption process, the effect of water vapor on CO2 adsorption capacity
of activated carbon has also been studied quantitatively. Firstly, water vapor was
introduced to the system and adsorbed on the activated carbon. When equilibrium was
reached, CO2 was introduced. Figure 40 shows this adsorption process. The first
weight gain represents the adsorption of water vapor, and the second weight gain
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showed after the CO2 introduction, may represent the adsorption of CO2. A series of
these tests were performed with a change of initial relative humidity of 10%, 20%,
30% and 40% on all of the activated carbon. The results of these tests are listed on the
third column of the tables (see Table 8 to Table 13).
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Figure 40. Typical adsorption process of activated carbon in CO2/H2O
system.
Table 8. C02/Water Vapor Adsorption of EKPC.
C02 introduced first

H20 introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
C02

H20

H20

C02

10%

4.52

0.16

0.91

3.75

20%

4.52

0.35

1.48

3.21

30%

4.52

0.63

2.67

2.36

40%

4.52

1.05

3.85

1.56
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Table 9. C02/Water Vapor Adsorption of E2C8
C0 2 introduced first

H 2 0 introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
co2

H20

H20

C0 2

10%

2.86

0.43

1.26

1.88

20%

2.86

1.03

2.35

1.37

30%

2.86

1.67

3.31

0.99

40%

2.86

2.20

4.07

0.82

Table 10. C02/Water Vapor Adsorption of E5C5
C0 2 introduced first

H 2 0 introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
C0 2

H20

H20

C0 2

10%

3.83

0.31

1.15

2.89

20%

3.83

0.77

2.35

2.16

30%

3.83

1.33

3.31

0.99

40%

3.83

1.87

4.69

0.92
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Table 11. C02/Water Vapor Adsorption ofE 8 C2
CO2 introduced first

H2O introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
C0 2

H20

H20

C0 2

10%

4.65

0.20

0.83

3.69

20%

4.65

0.46

1.78

2.75

30%

4.65

0.81

2.91

2.33

40%

4.65

1.29

4.24

1.42

Table 12. CCVwater vapor adsorption of CW
CO2 introduced first

H20 introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
C0 2

H20

H20

C0 2

10%

1.41

0.54

0.91

0.73

20%

1.41

1.21

2.28

0.42

30%

1.41

2.20

3.33

0.33

40%

1.41

3.10

4.19

0.34
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Table 13. CC^/Water Vapor Adsorption of CW-deashed
CO2 introducedfirst

H20 introduced first

Weight gain of Weight gain of Weight gain of Weight gain of
C0 2

H20

H20

C0 2

10%

5.50

0.67

2.01

4.66

20%

5.50

1.86

4.80

1.46

30%

5.50

4.48

8.86

0.56

40%

5.50

8.46

12.88

0.22

Compared with the adsorption in pure CO2 system, the CO2 adsorption
capacity of activated carbon has decreased in the CCVwater vapor system. Table 14
shows the ratio of the amount of CO2 adsorption in CCVwater vapor system to the
one in pure CO2 system of different activated carbons. Figures 41 and 42 show the
effect of water vapor on CO2 adsorption in relative value and absolute value.

It can

be seen that for all of the activated carbons, with the increase of the relative humidity
in the system, the CO2 adsorption capacity of the activated carbons decreased.
In an atmosphere of low relative humidity, <10%, most of these activated
carbons maintain the CO2 adsorption capacity of more than 80% of original capacity
in pure CO2 atmosphere, though CW shows a big decrease in capacity.
With a further increase in relative humidity, EKPC shows a best capacity
against the effect of water vapor, while the CW and CW-deashed decreased sharply
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Table 14. Decrease of CO2 Adsorption Capacity of Activated Carbon in
Different Relative Humidity
The ratio of CO2 adsorption capacity of activated carbon in
CCb/water vapor system to pure CO2 system, %
10%

relative 20%

relative 30%

relative 40%

relative

humidity

humidity

humidity

humidity

EKPC

82.9

70.8

52.1

34.4

E8C2

79.3

59.1

50.0

30.6

E5C5

75.5

56.5

38.3

24.2

E2c8

65.8

48.0

34.7

28.8

CW

52.2

30.4

24.0

24.0

CW-deashed

84.7

26.5

10.3

4.0

0.8
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Figure 41. Effect of relative humidity on the CO2 adsorption capacity of ACs—ratio
comparison.

EKPC

Figure 42. Effect of relative humidity on the CO2 adsorption capacity
ACs—absolute value comparison.

IV. CONCLUSION
1. Chicken waste is available for the preparation of activated carbon, and the activated
carbon prepared could be used repeatedly.
2. AC made from mixture of 80% coal and 20%CW has the highest C0 2 adsorption
ability.
3. Modification may greatly increase the CO2 adsorption ability of CW made
activated carbon by increasing the active site of adsorption.
4. With the increase of temperature, the adsorption capacity of CO2 decreases a lot.
5. The existence of water vapor may reduce the adsorption capacity of the activated
carbon, and the relative humidity would better be controlled under 10%.
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